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ABSTRACT. Bacterial nitroreductases are NAD(P)H-dependent flavoenzymes which catalyze the oxygen-
insensitive reduction of nitroaromatics, quinones, and riboflavin derivatives. Despite their broad substrate
specificity, their reactivity is very specific for two-electron, not one-electron, chemistry. We now describe
the thermodynamic properties of the flavin mononucleotide cofactBnt#robacter cloacaaitroreductase

(NR), determined under a variety of solution conditions. The two-electron redox midpoint potential of
NR is—190 mV at pH 7.0, and both the pH dependence of the midpoint potential and the optical spectrum
of the reduced enzyme indicate that the transition is from neutral oxidized flavin to anionic flavin
hydroquinone. The one-electron-reduced semiquinone states of both the free enzyme antsahstiate
analogue complex are strongly suppressed based on optical spectroscopy and electron paramagnetic
resonance measurements. This can explain the oxygen insensitivity of NR and its homologues, as it makes
the execution of one-electron chemistry thermodynamically unfavorable. Therefore, we have established
a chemical basis for the recent finding that a nitroreductase is a member sixR&oxidative defense
regulon inEscherichia coli[Liochev, S. I., Hausladen, A., Fridovich, I. (1998yoc. Natl. Acad. Sci.

U.S.A. 96(7), 3537#3539]. We also report binding affinities for the FMN cofactor in all three oxidation
states either determined fluorometrically or calculated using thermodynamic cycles. Thus, we provide a
detailed picture of the thermodynamics underlying the unusual activity of NR.

Nitroreduction is the initial step in the catabolism of a Scheme 1: Summary of Reductive Metabolism of
variety of structurally diverse nitroaromatic compoun®s ( Nitroaromatics Catalyzed by Nitroreductases

The enzymes that catalyze this chemistry are termed nitrore-o% _»O NADH NAD® O H._ _OH
ductases and have been grouped into two categofies ( Iil T Iil

; " A U N i I -
oxygen-insensitive or type | nltrore<_juctase_s catalyzg the | Type I Nitroreductase Ar Ar
pyridine nucleotide-dependent reduction of nitroaromatics to
either a hydroxy|amin0_ or aminoaromatic endproduct by Nitroaromatic Nitrosoaromatic Hydroxylaminoaromatic

two-electron steps, while oxygen-sensitive or type Il nitro-
reductases catalyze the reduction of nitroaromatics by one- Typel
electron steps utilizing a variety of electron donors. The Nitroreductases
oxygen sensitivity of the latter nitroreductases derives from
the ready reoxidation of the nitro anion radical product by
oxygen, forming a superoxide radical and regenerating the [L
original nitroaromatic compound. This “futile cycle” can
cause oxidative stress by producing large amounts of Nitroary! Anion Radical
superoxide (see Scheme 1.) Enzymes with oxygen-sensitive
nit?oreducta(se activity inclu)de aI)cliehyde oxida)llg)a tyto- chromep reductase ), cytochrpme P-450 reductase),(
glutathione reductase8), succinate dehydrogenas®),(
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tases, the physiochemical basis for the difference betweenof the Department of Biological Chemistry, University of
the two types of activity has not been established. Michigan. Oligonucleotides were purchased from Integrated
Enterobacter cloacamitroreductase (NR)is a classical DNA technologies (Corralville, 1A).
nitroreductase which catalyzes the NAD(P)H-dependent EnzymesNR was prepared and assayed as descrid@d (
reduction of nitroaromatics, riboflavin derivatives, and The preparations used had a specific activity of 582
quinone compounds using a tightly-bound flavin mononucle- ymol-min~*mg-2. NR concentrations were determined spec-
otide (FMN) cofactor {7—20). It was originally character-  trophotometrically usings = 66.5 mM™ (29). A gene
ized by Bryant et al.¥4) and cloned from aiitnterobacter ~ encoding the P2A mutant dbesulfaibrio wvulgaris fla-
strain selected from a weapons dump for its ability to degrade vodoxin (FD) was designed using the program AmplBy)(
nitroaromatics. It is now known to be a member of a larger The gene was constructed using assembly P8% &nd
family of proteins found in bacteria and arch@d)( Bryant ligated into the overexpression vector pET 24)i(Novagen,
et al. have shown NR to be an oxygen-insensitive nitro- Inc.) to yield the plasmid pRKFD. The plasmid was
reductase, and the NADH oxidase activity of NR has been transformed into DH& cells and sequenced in the region

determined to be very low, havingka, of 0.11 s* in the of interest to verify the presence of the intact FD gene. For
presence of saturating NADH and with the product of oxygen expression, the plasmid was transformed into BL21(DE3)
reduction being hydrogen peroxide, not superoxitié 19). cells, grown in TPP mediunBg) at 37°C to an ORQg of

NR reduces nitrobenzene to a hydroxylaminogryl end_product1,0, and induced with IPTG at a final concentration of 1
(19), and homologues of NR have been implicated in drug mM for 2 h before harvesting. Expressed FD was purified
resistance irHelicobacter pyloriand severalClostridium by the method of Krey et al3{), resulting in a final yield
species 22, 23) as well as in herbicide resistance in the (calculated spectrophotometrically usiag; = 10.7 mM™2)
cya_mobactenurrSynechpcyst_|sp. PCC 680334). Th(_a E. of 16 mg of purified FD per liter of TPP media.

coli homologue of NR is being developed for use in gene  Anaerobic TitrationsAll titrations were performed in the
therapies as a suicide gene in combination with the nitro- gn5erobic apparatus described previous?@, (38, 39).

aromatic prodrug CB 19526—28), and nitroreductases are  go|ytions were made anaerobic by repeated cycles of
possible catalytic agents for nitroaromatic bioremediat®n (  gyacuation and flushing with argon.

In light of the interesting and practical roles mediated by
these enzymes, it is important to obtain a full understanding N

of their structure and mechanism so that they can beOOZ% NaN, pH 7.0, either with or without M methyl
manipulated and/or inhibited. viologen (MV). Titrants consisted of either dithionite (DT)

Our laboratories have been engaged in the biochemicali, 100 mM KOH. calibrated against oxidized FMN (FMJ)
and biophysical elucidation of the mechanism and properties 5. "yaD+ NADH. or thio-NADH in 100 mM PIPES. 50

of NR (17, 19, 29-31). We have previously described the 1" ic1’ 0.0296 NaN, pH 7.0, calibrated spectrophoto-
kinetic mechanism and specificity of the enzyme, as well as metrically (FMNox Amax = 445, eass = 12 600 M cm2
the X-ray crystal structures of two oxidized enzyme  \apy lmax=348 6;?: 6220 ML em L. thio-NADH A

ghlb|‘ggr c%mplﬁxes aand the fully freguct()ad ezzénl\j”e\i Wef NOW' — 395, €395 = 11 300 M cm2). Titrant solutions were made
escribe the thermodynamics of the boun cofactor ,naerobic in sealed serum stopper vials and stored on ice

of NE.’ which 1o yield NlR’.WhiCh plagl_ehfundlagentaldlimi_ts for the duration of each experiment (less than 16 h). Small
on this enzyme's catalytic action. Thus, NR's reduction ., nts of cold titrant€20 uL) were injected through one

potentia!s pr0\_/i_de an explanation for its i_dentity as an port of the apparatus, and the approach of the reaction to
oxygen-insensitive nitroreductase and, as discussed bemwequilibrium was monitored optically at 454 nm. Visible

may pffe'r a gedneral basis for the oxygen insensitivity of all region absorbance spectra were collected for each titration
enteric nitroreductases. point after the solution had reached equilibrium.

MATERIALS AND METHODS _A control experiment was performed to assess the pos-
sibility of a covalent interaction between the DT oxidation
Chemicals.Phenosafranin (PS, C.I. #50200), purchased product, sodium sulfite, and oxidized NRG). No spectral
from Aldrich, was purified chromatographically using silica perturbation could be detected after incubation of NR with
gel (Sigma) with 4:1 benzene:methanol as the eluant. PS1 mM sodium sulfite at 25C for 1 h, indicating that NR
concentrations were determined spectrophotometrically (  does not form the flavirsulfite adducts typical of some
= 42.3 mM™) (32). FMN was purified by the HPLC method  flavoproteins and therefore does not interact with DT
of Light et al. 33), lyophilized, and stored at20 °C in the breakdown products().
dark until use. PiperazinN;N’-bis[2-e_thanesulfonic _acid] Photoreduction experiment solutions consisted of 68
(PIPES) was from Re_searph Organics. Degzaflavm 3-su|-#M NR in a 5 mLvolume of 2.4uM D3S, 10 mM EDTA,
fonate (D3S) was the kind gift of the late Dr. Vincent Massey 100 mMm PIPES, 50 mM KCI, 0.02% NaNpH 7.0, either

with or without 1uM MV (42). Photoreduction was achieved
! Abbreviations used: BA, benzoic acid; D3S, deazaflavin 3-sul- by irradiating the solution with a Kodak model 4600 carousel

phonate; DT, dithioniteF,, one-electron reduction potential for the  hrojector (Kodak Inc., Rochester, NY) for the indicated time
oxidized flavin—flavin semiquinone redox pairf,, one-electron iods. Aft h irradiati - . isible absorb
reduction potential for the flavin semiquinonavin hydroquinone periods. After each irradiation time point, visible absorbance

redox pair; En, two-electron reduction potential; HAB, hydroxyl-  Spectra were collected immediately, and photoreduction was
aminobenzene; NB, nitrobenzene; NHE, normal hydrogen electrode; resumed.

NR, Enterobacter cloacasitroreductase; PIPES, piperaziNeN'-bis- . S . .
[2-ethanesulfonic acid]; PS, phenosafranin; thio-NADH, thionicotina- ~ Potentiometric titration solutions consisted of-88 uM

mide adenine dinucleotide, reduced form. NR in a 5 mLvolume of 7uM PS, 1uM MV, 100 mM

Stoichiometric titration solutions consisted of-985 uM
R in a 5 mLvolume of 100 mM PIPES, 50 mM KClI,
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PIPES, 50 mM KCI, 0.02% Nad\ adjusted to the specified holoNR (28.3 mg) in 1.7 M ammonium sulfaté M KBr,

pH. When indicated, the specified concentration of benzoic 50 mM KH,PQ,, 0.02% NaN, pH 7.0, was applied to a 2.5-
acid was added as a concentrated stock solution in the samex 5-cm column of Phenyl Sepharose (Sigma) at room
buffer. An MI-800-410 combination Pt and Ag/AgCl temperature. FM} was removed by elution with the same
microelectrode (Microelectrodes Inc., Bedford, NH) was used buffer, adjusted to pH 5.0. ApoNR was then eluted using
to continuously monitor the solution reduction potential. PS 50 mM phosphate buffer, pH 7.0, and immediately cooled
and MV served only as redox buffers and to mediate electronto 4 °C. Yields were typically above 50%. Reconstitution
transfer between NR and the electrode, not as redoxexperiments were performed by incubating a small volume
indicators. Small volumess20uL) of DT solution, prepared  (less than 20@L) of approximately 3Q«M apoNR with an

and maintained as described above, were injected, and theequal volume of 10 mM FM} in 50 mM phosphate buffer,
approach of the solution to redox equilibrium was monitored pH 7.0, at 4°C for 30 min and then assaying the resultant
potentiometrically and spectrophotometrically. Visible region solution for activity as described previousl29j. ApoNR
absorbance spectra were collected for each titration point,absorption coefficients were determined using the guanidine
after the solution had reached equilibrium, and the fractional HCI denaturation method of Edelhoch5 46). Activity
concentration of oxidized PS was determined spectropho-measurements on FMN-reconstituted apoNR give the same
tometrically at 520 nm. This value was used to calculate and specific activities, within error, as the starting material. Thus,
subtract the contribution of oxidized PS to the solution the protein recovered does not appear to have been damaged
absorbance at 454 nnas; = 10.1 mMt cm™Y), with the in any way.

remainder being due to oxidized NR. The absorbance data EMN Binding StudiesNR's affinity for one FMN per

were plotted as a function of the reduction potential at monomer was measured fluorometrically. Fluorescence-
eqUIIIbrlum. The data were fit with the Nernst equat|0n with monitored b|nd|ng measurements were carried out 825

allowance for 2 electrons per redox event: utilizing an SLM 8000 spectrofluorometer (SLM-Aminco,
Rochester, NY) equipped with thermospacers and a circulat-
E=E°+ 295 mV |OE(L) 1) ing water bath. Excitation was achieved with a xenon arc
OXax — OX lamp through a double monochromator set at 454 nm and a

vertical polarizer. Emission was observed through a mono-
whereE is the ambient potential in millivolts measured vs chromator and a polarizer set at 5416 the vertical (the
the normal hydrogen electrode (NHE), Ox is the absorbancemagic angle). Both monochromators had a resolution of 4
of oxidized NR or PS, Oxa is the maximal change in  nm full width at half-maximum. Small aliquots<(LO uL)
absorbance, ari is the fitted reduction midpoint potential.  of cold apoNR were titrated into 2.5 mL solutions containing
After reduction was complete, the anaerobic apparatus wasyarious concentrations of FMjNin 200 mM PIPES, 50 mM
opened briefly to the atmosphere and allowed to re- KCI, 0.02% NaN, pH 7.0. Each solution was allowed to
equilibrate to test the titration for reversibility. For each set stir for at least 5 min after each addition before data collection
of solution conditions, a control titration of PS in the absence was initiated. The fluorescence quenching data were fit using
of NR was performed to test for interactions between the the program SYSTAT (SPSS, Inc.) with eq 2, which accounts
enzyme and redox dye4d). The upper limit of the for tight-binding effects 43):
experimental error in these determinations-is mV, based
on experimental reproducibility and the standard error of the AF =
fit. 2 1

Electron Paramagnetic Resonan@@PR). EPR spectros- Ky Er -+ [FMN] = (K, + Er + [FMN])” — 4E([FMN];

copy was performed using a Bruker model ESP300E 2By
spectrometer with an Oxford ESR model 900 continuous- (2)
flow cryostat. Frequency was measured by a Hewlett-Packard _ ) o
model 5350B frequency counter. Each spectrum was the sumivhereAF is the change in fluorescence emission at 520 nm,
of eight 168-s scans collected at 20 K, 2@W, and AFt is the change in fluorescence at this wavelength at
9.4285930 kHz with 5.069 G modulation amplitude at 100 Saturating ligand concentration, is the dissociation
GHz. All protein solutions were in 50 mM KOy, 50 mM constant obtained for the apoNRMN,x complex, [FMN]f
KCI, 0.02% NaN, pH 7.0. FD samples consisted of-180 is the totgl FMNy concentration, ander is the total
uM FD and included 2«M anthraquinone 2,6-disulfonate ~concentration of NR.

(Em7 = —184 mV), and 1uM MV (E,7 = —430 mV) as Analytical Ultracentrifugation.To measure NR’s dimer-
mediators. The NR sample contained 348 and the ization affinity as a function of FMN availablility, equilib-
mediators PSH, ; = —245 mV) and MV at 1uM each. All rium ultracentrifugation experiments were carried out at 20

samples were poised at thé&iy, value 190 mV vs NHE °C in a Beckman Optima XL-I analytical ultracentrifuge.
for NR, —291 mV for FD) using DT, transferred to a Suprasil Six-channel, 1.2-cm charcoal-filled Epon centerpieces were
quartz EPR tube by cannula under argon, and flash frozen.used throughout. Samples of apoNR and holoNR were
Samples were stored briefly in liquid nitrogen until the EPR dialyzed in 100 mM PIPES buffer, 50 mM KCI, 0.02%
spectra were recorded. Control spectra of identical solutionsNaNs;, pH 7.0. Loading concentrations were 30, 10, and 3.0
poised at the same potentials in the absence of the proteing«M, and equilibrium protein concentration distributions were
were taken to evaluate the possibility of mediator interfer- measured utilizing the protein absorbance at 280 nm. All
ence. centrifuge runs were carried out initially at 20 krpm for at
Preparation of ApoNR.ApoNR was generated by a least 24 h, after which data were acquired at 3-h intervals
modification of the method of Van Berkel et @4). Briefly, until no detectable changes in concentration distribution were
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400 600 800 FiGURE 2. Anaerobic photoreduction of NRA 5 mL solution
containing 78.54«M NR in 100 mM PIPES buffer, 50 mM KClI,
Wavelength (nm) 2.4uM D3S, 10 mM EDTA, 0.02% Naly pH 7.0, at 25°C was
FicURE 1: Anaerobic dithionite titration of NRA 5 mL solution irradiated with a Kodak model 4600 carousel projector for various

containing 112«M NR in 100 mM PIPES buffer, 50 mM KCI, 5  Periods of time. The isosbestic point at 336 nm again indicates
uM methyl viologen, 0.02% Najl pH 7.0, at 25°C was titrated t_hat pnly two _chemical species are present during the course of the
with small volumes €20 uL) of cold DT in 100 mM KOH which ~titration, oxidized and two-electron-reduced NR.

had been precalibrated vs FMN. The small absorbance peaks at

390 and 600 nm are reduced MV which did not appear until equivalents sufficient to complete FMN reduction. Thus,
complete NR reduction had occurred. (Inset) Absorbance at 336 there s no evidence for a cysteine sulfenic acid or other redox

nm, the isosbestic pointl), and 454 nm, théax of oxidized NR . . . .
(O) plotted vs equivalents of dithionite. The invariant absorbance active group in NR. The four-electron reduction of nitro-

at 336 nm and the linear absorbance decrease at 454 nm during?@nzene therefore must occur in two discrete two-electron
the titration indicate that only two chemical species are present steps (i.e., two full catalytic cycles), or a second molecule

during the course of the titration, oxidized and two-electron-reduced of NADH in addition to the one which reduces the FMN
NR. must participate directly in the reaction.

observed. Subsequently, after equilibrium had been estab-th Unn?ﬁ ' trzfxﬁ]bogfncong'tﬂons)'('\léﬁn H ;(teacts VrVIthr':lFi f;atstle5r
lished, data were collected at 24 and 34 krpm. an the g time of the experiment (approximately

Centrifuge data were fit globally using the program s) either in the presence or in the absence gMIMV. DT

NONLIN (47) with either a nonassociating (one molecular also reacts with NR faster than the mixing time of the

speies) ot an assoiaing model accordng t eas 3 and gL L e Peselee o U bt 1 e Seence o
respectively 48): piete.

NADH, an NADH analogue with a midoint potential 40 mV
_ HIAL 0C—XcD) more positive than that of NADH, and which has been shown
A=A~Ae +E ®3) previously not to be a substrate for NR9j, reacts with the
. HM (X2 Xo?) Ny —1 HVMNOC—XD) enzyme very slowly, exhibiting a second-order rate constant
A=hAe™ T (A Kp " tE 4 for NR reduction of 3.46 mMt min—* in the absence of MV
2 (data not shown). Thus, the failure of thio-NADH as a
_ (1 - vp)w (5) substrate is confirmed to be kinetic as opposed to thermo-

H 2RT dynamic, and the amide functionality of NADH appears to
enhance substrate binding and/or subsequent electron transfer
where A, and Ay are the absorbances at radiiand Xo, to the bound FMN cofactor, as proposed earlit9) (
respectivelyM,, is the weight-average molecular weight; The presence of an isosbestic point at 336 nm and the
is the monomeric molecular weigl,is the stoichiometry,  jinear decrease in absorbance at 454 nm during the DT

Kp is the dissociation ConStaIE,iS the baseline Offset, and titration of NR, even in the presence of the one-electron
where v is the partial specific volume of the protein, mediator MV (see inset, Figure 1), indicates that only two
calculated from the sequence to be 0.7323 mb/@s the  chemical species are present during the course of the titration.
measured specific gravity of the buffer (1.0165 g/mL at 20 No formation of one-electron-reduced flavin semiquinone
°C), andw is the angular velocity of the rotor. can be detected, indicating that this oxidation state is
thermodynamically unstable under these conditions. Similar
RESULTS results were obtained when this experiment was repeated
Stoichiometric Titrations of NRSince NR reduces nitro- ~ without MV and during the course of reductive NADH
benzene to hydroxylaminobenzene without detectable pro-titrations either with or without MV.
duction of free nitrosobenzengd), it is important to evaluate Photoreductionin the absence of mediators, the obligate
the possibility of redox-active groups in NR in addition to one-electron nature of photoreduction by D3S can sometimes
the FMN. Figure 1 depicts the anaerobic reduction of NR kinetically drive the flavin semiquinone oxidation state to a
with DT at pH 7.0, 25°C. One two-electron equivalent of higher population than that allowed under equilibrium
either DT or NADH completely reduces the active-site conditions 42). The time course of a D3S-catalyzed anaero-
cofactor of NR. No further reducing equivalents are absorbed bic photoreduction of NR in the absence of MV is depicted
by other components of the enzyme, as evidenced byin Figure 2. Once again, the presence of an isosbestic point
increasing absorbance due to DT at 336 nm (the isosbestic(at 336 nm) signifies the absence of any measurable flavin
point for NR reduction) following the addition of reducing semiquinone formation during the course of this experiment.
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Ficure 3: Potentiometric titration of NRA 5 mL solution containing 68.2M NR and 74M PS in 100 mM PIPES buffer, 50 mM KClI,

5uM MV, 0.02% NaN;, pH 7.0, at 25°C was titrated with small volumes<(LO uL) of cold DT in 100 mM KOH while the solution redox
potential was monitored with a combination Pt and Ag/Ag@icroelectrode. (A) Visible region spectra of NR/PS mixture upon equilibration
after each injection of DT. Some spectra were omitted for clarity. (B) Absorbance of NR at 454 nm plotted vs reduction potential. At each
point, oxidized PS concentrations were calculated usingAthge and the PS contribution to théys, was subtractedO, Points during
reductive titration®, return points collected as in Materials and Methods. The line is a plot of eq 4 usiag @h—190 mV vs NHE. (C)

pH dependence d&y,.

Table 1: Redox Potential Data of Nitroreductase in 100 mM PIPES
buffer, 50 mM KCI, 1uM Methyl Viologen, 0.02% Nah| 25 °C
Em (MV)2
[benzoate] phenosafranin  phenosafranin =
pH (mM) alone with enzyme enzyme E
7.0 0 —245 —247 —190 >
6.5 0 —-230 —229 —172 E
7.5 0 —265 —266 —210 &
7.0 0.5 —250 —248 —216
7.0 25 —251 —250 —243
7.0 50 —251 —251 —248
aAll redox potentials are vs NFE. Phenosafranin titrations in the
absence of NR were performed to rule out any binding of PS to NR. 0 20 40 60
Identical results were obtained withuM MV present. Thus, [BA] (mM)

despite a variety of attempts, we are unable to generatericure 4: Binding of benzoic acid to reduced NR. The measured
optically detectable flavin semiquinone under either equi- Em values are plotted vs the concentration of BA. The solid line is
b (DT and NADH tiations with MV) or dnetic ~ 4B1L61 845 e e ssadalon onsant o B4 1o e
trapp!ng Condltlpns (pho_tqreductlon without MV)', despltg reduc?ad NR equal t07.6 rrreflj\/l The dashed line is a theoretical curve
the high extinction coefficient expected for a flavin semi- generated using eq 6 witkx = 88 uM andKeq = o, denoting no
quinone 40). binding of BA to reduced NR.

Reduction Midpoint Potential Titrationghe two-electron
reduction midpoint potential, &y, of NR in pH 7.0 PIPES  Unfortunately, NR is unstable beyond this pH range on the
buffer is —190 mV vs NHE (see Figure 3). Control time scales necessary for by these experiments. However,
experiments using a variety of redox mediators demonstratedthis one protortwo electron slope is further evidence, along
that neutral or anionic mediators bind to oxidized NR. With previously reported optical spectra of the enzyme, that
Therefore PS was used, despite its somewhat undesirabldully reduced NR is anionic at neutral pH.
midpoint potential, because it was the commercially available ~ Figure 4 shows the variation of the measuEgdof NR
cationic mediator with a reduction potential closest to that With the concentration of BA, a competitive inhibitor and
of NR. To compensate for PS's weak redox buffering substrate analogudg, 50). No flavin semiquinone species
capacity in this range, it was used at moderately high could be detected during the course of these experiments.
concentrations. ThE,, of PS is unaffected by the presence As BA binding does not detectably alter the separation
of NR (see Table 1), evidence that NR and PS do not interactbetween the one-electron redox potentials in NR, the
nonproductively under these conditions (i.e., in a manner thatdependence dfy on [BA] can be described using eq 51
does not result in electron transfer between the two mol- and the known dissociation constant of @81 for the
ecules). The pH dependence of tigof NR determined in ~ oxidized NR-BA complex £2):
PIPES buffer between pH 6.5 and 7.5488 + 3 mV-pH
unit™t. This value is 8.5 mV greater in magnitude than the
theoretical slope 0f-29.5 mVtpH unit* for each proton
that binds to NR upon two-electron reductiod9). The
slightly steeper slope is likely due either to experimental error wherek, is theE,, in the absence of BA{190 mV), [BA]
or to the patrtial titration of either the reduced-state FMN or is millimolar the concentration of BA, an&.q is the
some proximate protein moiety at one end of this pH region. dissociation constant for the reduced NBA complex. The

E —E +205mVlod tony Kiea 6
m=Eot295mViod s erooss)  ©
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T . . T Ultracentrifugation Ultracentrifugation was used to de-

- A ] termine the dimerization stability of apo- and holoNR. Global
B N fits of data at three speeds and three cell loading concentra-
tions were best described in terms of a single species for
both the apo and holo enzyme solutions in the absence of
exogenous FMN. The molecular masses of the apo and holo
protein species were determined to be 48 0@ 500 and

49 100+ 2 600 Da, respectively, which compare very well
to the calculated dimeric molecular masses of 47 900 and
48 934 Da and establish both apo- and holoNR as dimeric
at the lowest detectable concentrations. The dissociation
constants for monomerization of these proteins, therefore,
have upper limits of 10 nM.

B N DISCUSSION

The experiments described herein address the thermody-
3200 3400 3600 namics of proteirflavin interactions in NR: both the
[G] differential stabilization of the different cofactor oxidation
FiGURE 5: EPR quantitation of the NR semiquinone. (A) 34d states, equivalent to redox potential tuning, and the binding
NR in 50 mM KH,PO,, 50 mM KCI, 0.02% Nal, 1 uM PS, 1 thermodynamics of both a first and a second FMN to a
uM MV, pH 7.0, poised at it 7, —190 mV vs NHE. (B) 10.1 protein dimer. As these interactions determine both the

uM FD in 50 mM KH,PQOy, 50 mM KCI, 0.02% Nab, 2 uM ; i
anthraquinone 2,6-disulfonateyM MV, pH 7.0, poised at it thermodynamics and stoichiometry of electron transfer, they

—291 mV vs NHE. As the separation between the two one-electron &€ crucial to the enzyme’s as-yet undetermined physiological

reduction potentials of FD is so large-278 mV in this buffer), role.
the concentration of flavin semiquinone radical can be assumed to Redox Potential Tuning in NR Enforces Two-Electron
be equal to that of the starting FD. As the signal-to-noise ratio in Chemistry @er One-Electron ChemistryAt neutral pH, the
(B) is 300:1, the detection limit (at a S/N of 3:1) for FMN £y semiquinone disproportionates to form oxidized and
semiquionone is 100 nM, and the upper limit for the concentration . - A . N
of this oxidation state in NR poised at i, can be estimated as reduced FMN n r_apld equilibrium with the semiquinone,
less than one part in 3400. present at equilibrium as up to 8% of the total FMN 2).
The amount of semiquinone in equilibrium with the oxidized
BA-dependent change i, can best be described using a and reduced species can be related to the difference, in
value ofKeg = 7.6 & 1.6 mM, and the limiting midpoint ~ millivolts, between the individual one-electron reduction
potential at saturating BA is-247 mV. potentials,E; andE,, which correspond to the potentials of
Electron Paramagnetic Resonandée flavodoxin from the oxidized/semiquinone and semiquinone/hydroquinone
Desulfaibrio wulgaris was used as a spin quantitation couples, respectively4):
standard for any flavin semiquinone radical in NR because .
the former can be quantitatively prepared as the semiquinone E, —E = —59mVliogK (7)
(593). Figure 5 portrays the EPR spectra of a 1M solution
of the FD semiquinone and a 34M solution of NR poised
at its two-electron midpoint potential. As the ratio of signal P—_
to noise in the FD sample is 300:1, the detection limits of =— _[semlqumonej (8)
our experimental apparatus are approximately 100 nM (at a [oxidized][hydroquinone]
S/N of 3:1). The absence of any detectable organic radical\ynen pound to a protein, the flavin radical is generally
signal in NR at its midpoint potential demonstrates that the giapilized 61, 54). Relatively few flavoenzymes have been
flavin semiquinone state of the enzyme is present at afoynd to suppress the semiguinone to a level equal to or less
concentration of less than one part in 3400. than that of aqueous FMN, and of those, only two, to our
APONR-FMNoy Binding Assays.The redox midpoint — knowledge, have been examined quantitatively using EPR
potential reflects the difference between the binding energiesspectroscopy55, 56). The extreme destabilization of the
of oxidized FMN and reduced FMN. To determine these flayin radical in NR corresponds to a large positive gap
energies, we have measured the dissociation constant for thgyetween the first and second one-electron reduction potentials
binding of one oxidized FMN per monomer to the dimeric of the bound cofactor; i.e., the second reduction is signifi-
protein. Binding of oxidized FMN to apoNR quenched the cantly more favorable than the first. On the basis of the upper
intrinsic steady-state fluorescence emission of the cofactor|imit of the flavin semiquinone concentration at the midpoint
by a factor of 3.01. Binding assays performed at starting potential, less than one part in 3400, the lower limit for the
FMNox concentrations of 99.1, 550, and 3900 nM gave a separation between the two potentials of NRH381 mV.
mean dissociation constankKq) of 8 = 3 nM for the  This value can be used in conjunction with the experimentally
apoNR-FMN,x complex (data not shown). The binding data determined two-electron midpoint potentiat {90 mV) to
were best fit to a single-site binding isotherm, indicating that calculate an upper limit foE; of —380 mV and a lower
the first and second FMN molecules bind to the dimer with limit for E, of +1 mV vs NHE. This limiting value of; is
comparable affinities (i.e., the binding is noncooperative) and supported by the fact that MV, which has a one-electron
that binding of any additional FMN is associated with a much midpoint potential of—430 mV at pH 7.0, is an effective
weaker binding constant. mediator of the dithionite reduction of NRI9).

where
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NR’s reduction potentials provide a basis for its ability to Kq=10nM®
preferentially perform two-electron chemistry, the defining apoNR + FMN,; holoNR

trait of a type | nitroreductasel). The oxygen sensitivity of

type Il nitroreductases lies in the relatively facile one-electron

reduction of oxygen to superoxid®®) by both the one-

electron-reduced nitroaromatic product and the putative flavin B =238 mV* <350 my®
semiquinone-containing enzyme intermediate of the reaction.

The suppression of the FMN semiquinone oxidation state in

NR makes the execution of one-electron chemistry by the

enzyme thermodynamically unfavorable. Indeed, given the Ky>2.57 pM®
extremely broad substrate specificity of NE5(19), a higher En=-205mV* || apoNR + FMNsq======holoNRy, Ey=-190 mV®

K value for its FMN cofactor would result in considerable

oxidative stress for the bacterium due to the one-electron

reduction of various cellular components, such as quinones.

NR’s suppression of its semiquinone becomes even more

important in view of the recent implication of this protein Ep=-172 mV* B>+ mV?
family in the soxRSegulon, a cellular response to oxidative

stress inE. coli (16). NR’s inclusion in thesoxRSregulon

suggests that it provides an active defense against oxidative

stress, presumably by virtue of its ability to fully reduce apoNR + FMN Kam26n0 holoNR
redox-active intracellular organic compounds (i.e., quinones, P " ha

flavin derivatives, etc.) that might otherwise acquire single FIGURE 6: Depiction of the linked equilibria relating the midpoint
electrons and then generate superoxide. This protective rolgP0tentials and dissociation constants of different apeRRIN

. 3 . complexes. FMNx, oxidized FMN; FMNsg, FMN semiquinone
would be not unlike that of the mammalian DT diaphorases, ragical; FMNy,, two-electron-reduced FMN hydroquinona.

a family of unrelated homodimeric flavoproteins which act Experimental values determined by Draper and IngrahBm®b{
to suppress both oxidative stress and basal mutation rategxperimental values presented in this wékalues calculated using
(58). thermodynamic cycles as described in the text.

Although this relationship between reduction potentials and
oxygen sensitivity is likely to apply to all enteric nitrore-
ductases, it need not apply to all flavoproteins. For example
this relationship is not valid for the flavoprotein monooxy-
genases, which react with oxygen to form a covalent C(4a)
hydroperoxide intermediate as opposed to merely transferring
electrons and/or protons between the active-site flavin and
oxygen, as in NRE9—61). In other, unrelated flavoproteins,
oxygen reactivity has been shown to be modulated by
substrate and/or product binding, which can change both the
local environment of the active-site flavin and the stability

Benzoate is a competitive inhibitor vs NADH which binds
tightly to oxidized NR 62). A single molecule of benzoate
' binds over thee face of the pyrimidine and central rings of
the isoalloxazine in a manner believed to be analogous to
binding of the nicotinamide moiety of NADH3(, 50). The
binding site may also represent the site of nitroaromatic
binding, as the benzoate molecule contacts residues shown
in the E. coli homologue NfsA to modulate oxidizing
substrate specificity6d). The relatively weak binding of
benzoate to fully reduced NR and the lovigy value of the
; complex are likely due to electrostatic repulsion between the
of any superoxide produc6{, 62). Two arguments can be  jpignic flavin hydroquinone and benzoate. Indeed, reduction

made against this form of activity modulation playing arole ¢ o vstals of the acetate complex of NR caused acetate to

in the low oxygen reactivity of nitroreductases. First, these o (ajeased. in conjunction with only a relatively minor

enzymes catalyze nitroreduction using a ping-pong mecha-gyctyral change which does not appear as if it should

nism (L9), meaning that the reduced enzyme form that reacts sterically hinder binding31).

with oxygen will not be complexed with either substrates or The Relation of Flain Binding to Redox Potential Tuning
roducts. Second, no flavin semiquinone species were. g .

getected during the course of potenti%metric titrgtions inthe " NR.The oxidation potentials presented here and the free

presence of the nonreactive substrate analogue benzoate, '€ of oxidized FMN binding to apoNR can be used in

indicating that even when a substratéR complex exists, Simple thermodynamic cycles to calculate NR'’s affinities for

there is not a large alteration in the stability of this oxidation VN In its different oxidation states (see Figure 65,(66).
State On the basis of the limiting values calculated for the two

o ) individual one-electron reduction potentials, the upper limit
The —190 mV two-electron midpoint potential of NR also  for the stability of the flavin semiquinoreapoNR complex
explains why hydroxylaminobenzene and not aniline is the can be estimated to be at least 257-fold weaker than the
endproduct of NR’s catalytic activity on nitrobenzeri@)( stability of the oxidized flavin-apoNR compléxSchopfer
Electrochemical experiments in acidic (pH 5) aqueous et al. have proposed that the stability of the flavin radical
solution show nitrobenzene to be reduced at two potentials:may be controlled by proteins in part via alterations in the
one four-electron reduction of nitrobenzene (NB) to hy- pK_,at N(5) of the semiquinonéq). This postulate has been
droxylaminobenzene (HAB) and a subsequent two-electron supported by recent discoveries regarding flavin semiquinone
reduction of this product to aniline at potentials more than
400 mV lower 63). Thus, NR’s inability to further reduce - - - )
2 This value has been calculated using the free flavin redox potentials

hydroxylaminobenzene most likely derives from its inability -
- s . . of Draper and Ingrahaml). The exact values of these potentials are
to generate a sufficient driving force to effect this reduction gt under debate, and some authors, in particular Mayhew, have

(i.e., itsEn is not low enough.) recently proposed a wider separation of potentials for free FR)N (
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Ficure 7: Space-filling representation of the interaction between
N5 of the reduced flavin and the main-chain amide nitrogen of
Glu 165. The figure was made with GRASS80.

stabilization inClostridium beijerinckiiflavodoxin 8). In
this flavoprotein, the largK value of over 150 000 has been

Koder et al.

the oxidized and semiquinone states. Indeed, the two possible
mechanisms mentioned above might act in concert, with the
hydrogen bond from the backbone amide of Glu165 forcing
a hypothetical neutral semiquinone to be even more bent than
the oxidized flavin conformation, to accommodate the
additional proton at N(5). They might also conspire to
destabilize the semiquinone in particular: flavin bending is
expected to destabilize both the oxidized and semiquinone
oxidation states, but hydrogen bond donation to N(5) is
expected to stabilize the oxidized state while destabilizing
the reduced and neutral semiquinone states, with the net
effect being that only the semiquinone state is destabilized
on both counts. The contributions of these structural proper-
ties to the redox thermodynamics of NR are currently being
assessed by a combination of site-directed mutagenesis,
computation, and NMR spectroscopy.

FMN Binding and Dimerization EquilibriaThe crystal
structure of NR, with the two non-covalently bound flavin
cofactors sandwiched between the two protein monomers,
suggests that monomedimer equilibria and flavin binding
events may be related, greatly complicating the thermody-
namics of the NRFMN complex. Indeed, both our pre-
liminary investigations {8) and recent work performed by

attributed in great measure to a hydrogen bond between the-Ul €t- al on the distantly relatedibrio harveyi NADPH—

N(5) proton and the backbone carbonyl oxygen of glycine
57, which favors protonation of N(5) and thus stabilizes the
neutral semiquinone oxidation state of the cofacé&; 69).

In NR, protonation at N(5) appears to be disfavored by
hydrogen bond donatiofrom the backbone amide proton
of glutamate 165, although the limited pH stability of the
enzyme precludes any direct experimental verification of the
N(5) pKa. The backbone amide proton is in van der Waals
contact with thesi side of N(5) in the reduced state (see
Figure 7), indicating that the flavin must increase its degree
of bending in order to accommodate the additional proton
of the anionic hydroquinone. Thus, the NR structure could
sterically decrease thekg at N(5) and destabilize both the
neutral flavin semiquinone and the hydroquinone.

We also note that the oxidized flavin in NR has an
unusually large (19 “butterfly” bend angle about the N(5)
N(10) axis which increases to 26pon full reduction. While
a role for ring strain in the modulation of two-electron
potentials has been a source of contentio®—<72), a role
in the (de)stabilization of the flavin semiquinone has not been
addressed experimentally. A number of theoretical studies
indicate, however, that flavin semiquinones are plamar(

75, 81, 82). In light of this, it is interesting to compare the
active site of NR with that of old yellow enzyme (OYE.)
The flavin cofactor in OYE interacts with its protein binding
site by a contacts very similar to those in NR, including
amide hydrogen bond donation to N(5), but the flavin adopts
an almost planar conformation in the oxidized staté).(
The fact that OYE has a relatively stable semiquinone, with
a +30 mV separation betweeB; and E, instead of the
>+381 mV separation in NR7(7), suggests that the extreme
bend angle in NR could be an important contributor to
semiquinone destabilization. The enforced bending in both
the oxidized and hydroquinone states (and thus most likely
in the unobservable semiquinone as wellpuld destabilize

3 Especially in light of the inflexibility (average crystallograptic
factor of less than 12 A of the flavin binding site in the oxidized and
reduced crystal structure81).

FMN oxidoreductase79) supported this hypothesis. How-
ever, both the concentration independence of the FMN
dissociation constant and the analytical ultracentrifugation
results demonstrate that, in the absence of exogenous,FMN
both holoNR and apoNR are dimeric at concentrations
comparable to those found in vivo in the strainkitero-
bacterfrom which NR was cloned1().

In conclusion, we have measured the fundamental ther-
modynamic properties of NR, and they agree well with the
observed reactivity of the enzyme. The limits this work
places orE; andE; can explain NR’s identity as an oxygen-
insensitive nitroreductase, and the meastgs consistent
with NR’s reduction of NB to HAB but not aniline.
Inspection of the crystal structures of NR has led to some
novel hypotheses concerning the structural origin of these
thermodynamic properties, which are currently under ex-
perimental investigation.

ACKNOWLEDGMENT

The authors thank Dr. Vincent Massey of the Department
of Biological Chemistry, the University of Michigan Medical
School, for his kind gift of deazaflavin 3-sulfonate and Drs.
Takahiro Yano and Tomoko Ohnishi of the Department of
Biochemistry and Biophysics, University of Pennsylvania,
for the use of and instruction in using the EPR spectrometer.

REFERENCES

1. Draper, R. D., and Ingraham, L. L. (196®8)xh. Biochem. Biophys.

125 802-808.

2. Mayhew, S. G. (1999%ur. J. Biochem. 265698-702.

3. Spain, J. C. (1995\nnu. Re. Microbiol. 49, 523-555.

4. Peterson, F. J., Mason, R. P., Hovsepian, J., and Holtzman, J. L.

(1979)J. Biol. Chem. 2544009-4014.

Wolpert, M. K., Althaus, J. R., and Johns, D. G. (1933Pharm.
Exp. Ther. 185202.

6. Moreno, S. N. J., Mason, R. P., and Docampo, R. (1988)jol.
Chem. 2596298-6305.

. Fann, Y. C., Metosh-Dickey, C. A., Winston, G. W., Sygula, A.,
Rao, D. N. R., Kadiiska, M. B., and Mason, R. P. (19€3em.
Res. Toxicol. 12450-458.

5.



Flavin Thermodynamics in Nitroreductase

8.

9
10.

11.
12.
13.
14.
15.
16.

17.

18.

19.
20.
21.
22.
23.
24.
25.

26.

27.

28.

29.
30.
31.
32.
33.

34

36.

37.

38.

39

40.
41.

42.
43.

44.

45.
46.

. Engels, W. R. (1993)rends Biochem. Sci. 1848-450.
35.

Carlberg, ., and Mannervik, B. (1988)Biol. Chem. 2611629— 47.
1635.
. Westfall, B. B. (1943)). Pharm. Exp. Ther. 723.

Miskiniene, V., Sarlauskas, J., Jacquot, J. P., and Cenas, N. (1998)
Biochim. Blophys Acta 136&75—283

Adams, P. C., and Rickert, D. E. (19953)ug Metab. Disp. 23
982-987.

Horie, S., Watanabe, T., and Ohta, A. (1982Biochem. 1982 49.
661-671.

Kutcher, W. W., and McCalla, D. R. (198Bjochem. Pharm. 50.
33, 799-805.

Bryant, C., Hubbard, L., and McElroy, W. D. (19911 )Biol. Chem. 51.

266, 4126-4130.

Paterson, E. S., Boucher, S. E., and Lambert, . B. (2002) 52.

Bacteriol. 184 51-58.

Liochev, S. |., Hausladen, A., and Fridovich, I. (1999)c. Natl. 53.

Acad. Sci. U.S.A. 9@8537-3539.

Nivinskas, H., Koder, R. L., Anusevicius, Z., Sarlauskas, J., Miller, 54.

A. F., and Cenas, N. (2008rch. Biochem. Biophys. 38%70—
178.

Siebner, M. C. (1997) iBiochemistrypp 137, Gesellschaft fur 55.

Biotechnologie Forschung, Braunschwieg, Federal Republic of

Germany. 56.
Koder, R. L., and Miller, A.-F. (1998Biochim. Biophys. Acta

1387, 395-405. 57.
Bryant, C., and DelLuca, M. (1991) Biol. Chem. 2664119~

4125. 58.

Zenno, S., and Saigo, K. (1994) Bacteriol. 176 3544-3551.
Goodwin, A., Kersulyte, D., Sisson, G., Veldhuyzen van Zanten,
S. J., Berg, D. E., and Hoffman, P. S. (1998)l. Microbiol. 28

a

383-393. 60.
Rafii, F., and Hansen, E. B., Jr. (1998ntimicrob. Agents
Chemother. 421121-1126. 61.

Elanskaya, I. V., Chesnavichene, E. A., Vernotte, C., and Astier,
C. (1998)FEBS Lett. 428188-192.
Bridgewater, J. A., Springer, C. J., Knox, R. J., Minton, N. P.,

Michael, N. P., and Collins, M. K. (199%ur. J. Cancer 31A 62.
2362-2370. 63.

Djeha, A. H., Thomson, T. A,, Leung, H., Searle, P. F., Young,

L. S., Kerr, D. J., Harris, P. A., Mountain, A., and Wrighton, C. 64.

J. (2001)Mol. Ther. 3 233-240.

Friedlos, F., Court, S., Ford, M., Denny, W. A., and Springer, C. 65.

(1998)Gene Ther. 5105-112.

Spooner, R. A., Maycroft, K. A., Paterson, H., Friedlos, F., 66.

Springer, C. J., and Marais, R. (200h). J. Cancer 93123~
130.

Koder, R. L., and Miller, A.-F. (1998rotein Expression Purif. 67.

13, 53-60.
Koder, R. L., Oyedele, O., and Miller, A. F. (200@)tioxid. Redox

Signaling 3 747-756. 68.
Haynes, C. A,, Koder, R. L., Miller, A. F., and Rodgers, D. W. 69.

(2002)J. Biol. Chem. 27713), 11513-11520.

Gopidas, K. R., and Kamat, P. V. (1989Photochem. Photobiol. 70.
A 48 291-301. 71
Light, D. R., Walsh, C., and Marletta, M. A. (198®)al. Biochem.

109, 87-93.

Stemmer, W. P. C., Crameri, A., Ha, K. D., Brennan, T. M., and
Heyneker, H. L. (1995fGene 16449-53.

Moore, J. T., Uppal, A., Maley, F., and Maley, G. F. (19B8)tein
Expression Purif. 4160—-163.

Krey, G. D., Vanin, E. F., and Swenson, R. P. (1988pBiol.
Chem. 26315436-15443.

Vance, C. K., and Miller, A. F. (1998). Am. Chem. Soc. 120

76
461—-467. 77
. Dutton, P. L. (1978Methods Enzymol. 54411-435.

Muller, F. (1991) irChemistry and Biochemistry of Rleenzymes 78
(Muller, F., Ed.) pp 272, CRC Press, Boca Raton, FL.
Massey, V., and Hemmerich, P. (19&lpchem. Soc. Trans, 8
246-257.

Massey, V., and Hemmerich, P. (1978Biol. Chem. 179—17.
Einarsdottir, G. H., Stankovich, M. T., Powlowski, J., Ballou, D.  gq
P., and Massey, V. (198®Biochemistry 284161-4168.

9.

Biochemistry, Vol. 41, No. 48, 20024205

Johnson, M. C., Yphantis, D. A., and Havorson, H. (1992) in
Analytical ultracentrifugation in biochemistry and polymer science
(Harding, S. E., Rowe, A. J., and Horton, J. C., Eds.) pp- 90
125, Royal Society of Biochemsitry, Cambridge.

48. McRorie, D. K., and Voelker, P. J. (1998¢lf-Associating Systems

in the Analytical Ultracentrifuge Beckman Instruments, Inc.,
Fullerton, CA.

Clarke, W. M. (1960PDxidation Reduction Potentials of Organic
SystemsThe Williams and Wilkins Co., Baltimore.

Lovering, A. L., Hyde, E. I., Searle, P. F., and Scott, A. W. (2001)
J. Mol. Biol. 309 203-213.

Stankovich, M. T. (1991) irChemistry and Biochemistry of
FlavoenzymegMuller, F., Ed.) pp 40+425, CRC Press, Boston.
Koder, R. L. (1999) Ph.D Thesis, Johns Hopkins University,
Baltimore.

Dubourdieu, M., Legall, J., and Favaudon, V. (19B&)chim.
Biophys. Acta 376519-532.

Massey, V., Muller, F., Feldberg, R., Schuman, M., Sullivan, P.
A., Howell, L. G., Mayhew, S. G., Matthews, R. G., and Foust,
G. P. (1969)J. Biol. Chem. 2443999-4006.

Isas, J. M., and Burgess, B. K. (1994Biol. Chem. 26919404~
19409.

Tegoni, M., Janot, J. M., and Labeyrie, F. (1986). J. Biochem.
155 491-503.

Sawyer, D. T. (1991pxygen ChemsitryOxford University Press,
New York.

Dinkova-Kostova, L. T., and Talalay, P. (2000¢e Radical Biol.
Med. 29 231-240.

Entsch, B., Ballou, D. P., and Massey, V. (1946Biol. Chem.
251, 2550-2563.

Entsch, B., Palfey, B. A., Ballou, D. P., and Massey, V. (1991)
Biol. Chem. 26617341-17349.

Massey, V., Schopfer, L. M., and Anderson, R. F. (1988) in
Oxidases and Related Redox Systéifnsg, T. S., Mason, H. S.,
and Morrison, M., Eds.) pp 147166, Alan R. Liss, Inc., New
York.

Wang, R., and Thorpe, C. (1998)ochemistry 307895-7901.
Heyrovsky, M., and Vavricka, S. (1970) Electroanal. Chem.
28, 409-420.

Zenno, S., Kobori, T., Tanokura, M., and Saigo, K. (1998)
Bacteriol. 180 422—425.

Dutton, P. L., and Wilson, D. F. (1978)jochim. Biophys. Acta
346, 165-212.

Ludwig, M. L., Pattridge, K. A., Metzger, A. L., Dixon, M. M.,
Eren, M., Feng, Y., and Swenson, R. P. (19B®chemistry 36
1259-1280.

Schopfer, L. M., Ludwig, M. L., and Massey, V. (1990Fkavins
and Flavoproteins(Curti, B., Ronchi, S., and Zanetti, G., Eds.),
Walter de Gruyter, New York.

Mayhew, S. G. (1971Biochim. Biophys. Acta 23276.

Smith, W. W., Burnett, R. M., Darling, G. D., and Ludwig, M. L.
(21977)J. Mol. Biol. 117 195-225.

Lennon, B. W., Williams, C. H., and Ludwig, M. L. (1999jotein
Sci. § 2366-2379.

. Moonen, C. T., Vervoort, J., and Muller, F. (19&ipchemistry

23, 4859-4867.

. Hall, L. H., Bowers, M. L., and Durfor, C. N. (198B)jochemistry

26, 7401-7409.

. Nakai, S., Yoneda, F., and Yamabe, T. (1988¢or. Chem. Acc.

103 109-116.

.Meyer, M., Hartwig, H., and Schomburg, D. (1996)

THEOCHEM: J. Mol. Struct. 364139-149.

.Zheng, Y. J., and Ornstein, R. L. (1996)Am. Chem. Soc. 118

9402-9408.

. Fox, K. M., and Karplus, P. A. (1998tructure 2 1089-1105.
. Stewart, R. C., and Massey, V. (1985Biol. Chem. 2603639—

3647.

. Koder, R. L., Rodgers, M. E., and Miller, A. F. (1999)Rfavins

and Flavoproteins 1999Ghisla, S., Kroneck, P., Macheroux, P.,
and Sund, H., Eds.) pp 458, Rudolph Weber, Berlin.

. Liu, M. Y., Lei, B. F., Ding, Z. H., Lee, J. C., and Tu, S. C. (1997)

Arch. Biochem. Biophys. 3389—-95.

. Nicholls, A., Sharp, K. A., and Honig, B. (199Rjoteins: Struct.,

Funct. Genet. 11281—-296.

Van Berkel, W. J., Van den Berg, W. A., and Muller, F. (1988) gy \yalsh, J. D., and Miller, A-F. (2002) Mol. Struct THEOCHEM,

Eur. J. Biochem. 178197-207.
Edelhoch, H. (1967Biochemistry §1948-1954. 2
Pace, C. N., Vajdos, F., Fee, L., Grimsley, G., and Gray, T. (1995)
Protein Sci. 4 2411-2423.

in press.

82. Rizzo, C. J. (2001Antioxid. Redox Signaling, ¥37—745.

BI1025805T



